INTRODUCTION
============

The population worldwide is aging rapidly. The percentage of people above 65 years of age is the most rapidly growing segment of the population and is estimated to nearly double between 2019 and 2050.[@b1-agmr-20-0001]) Therefore, age-related diseases are becoming an important burden on people's lives and countries' economies. Dementia and cognitive disorders are common among the aging population and play an important role in increasing morbidity and reducing the quality of life of older adults.[@b2-agmr-20-0001]) Over 50 million people were estimated to be living with dementia globally in 2019 and this number is expected to increase to 152 million by 2050. The current estimated annual cost of dementia is US \$1 trillion globally, a figure set to double by 2030. Gait disturbances are also common with aging and are associated with increased morbidity and mortality.[@b3-agmr-20-0001])

Given this global burden associated with aging, there is a pressing need to identify older adults at risk for dementia to institute preventive interventions, make healthcare decisions, and consider advanced planning decisions. Cognitive decline and dementia have been implicated in gait dysfunction through disturbances in top-down brain control mechanisms.[@b4-agmr-20-0001]) Emerging evidence supports gait dysfunction as a harbinger of dementia; this association could be a novel method to assess dementia risk.[@b5-agmr-20-0001]) Motoric cognitive risk syndrome (MCR) is a pre-dementia condition combining motor signs (slow gait) and cognitive symptoms (self-reported cognitive complaints).[@b6-agmr-20-0001]) Studies across the globe have shown that the presence of MCR increases the risk of dementia as well as other age-related adverse outcomes. More recent studies have also uncovered links between MCR and genetic, metabolic, and imaging factors.[@b7-agmr-20-0001])

This review discusses the epidemiology of MCR, its role in increasing the risks of dementia and other geriatric outcomes, and recent biological discoveries regarding its pathophysiology. A systematic search was conducted using the Medical Subject Heading terms "slow gait", "subjective cognitive impairment", "subjective cognitive decline", and "motoric cognitive risk syndrome".

GAIT SPEED AND COGNITIVE DECLINE IN GENERAL
===========================================

Gait is a complex and multifactorial process in terms of its underlying central and peripheral neural control mechanisms. Similar brain regions control both gait and cognitive functions, particularly frontal and prefrontal lobe-related networks.[@b8-agmr-20-0001]) These brain areas are responsible for mediating executive functions (EFs), a variety of higher cognitive processes that integrate information from many cortical sensory systems and modulate and produce effective and goal-directed actions and behavior.[@b9-agmr-20-0001],[@b10-agmr-20-0001]) The aging process is accompanied by atrophy of many of these brain regions, causing both cognitive and gait decline.[@b11-agmr-20-0001]-[@b13-agmr-20-0001]) Changes in the aging brain include atrophy of the frontal and temporal areas and the occurrence of periventricular white matter lesions. Abnormal gait is a prominent feature in neurodegenerative diseases, especially those that affect mainly the frontal lobes.[@b14-agmr-20-0001],[@b15-agmr-20-0001]) Pilot intervention trials to enhance EF either by cognitive training or brain stimulation have shown improvements in gait velocity.[@b16-agmr-20-0001],[@b17-agmr-20-0001])

Slow gait speed may be the first sign of degenerative or non-degenerative brain pathologies and may manifest before other cognitive symptoms. Clinical gait disturbances in older adults may be due to neurological, muscular, or arthritic etiologies as well as combinations of these factors. Neurological gait abnormalities were reported to predict the incidence of non-Alzheimer's dementia in the Bronx Aging Study.[@b18-agmr-20-0001]) Velocity is the most widely used quantitative performance index of gait; however, other gait variables such as stride length, cadence, swing and stance time, and symmetry obtained from quantitative gait assessments are also used to evaluate gait quality.[@b19-agmr-20-0001]) Growing evidence suggests that not only a decline in gait speed predicts dementia but also that a decline in gait speed may precede the decline in cognitive performance in dementia.[@b7-agmr-20-0001],[@b20-agmr-20-0001]) These observations suggest that clinical or quantitative gait disturbances may be used to identify people at risk to develop dementia.

MCR DIAGNOSIS ACROSS POPULATIONS
================================

In 2013, Verghese et al.[@b21-agmr-20-0001]) introduced the concept of MCR to describe people who are still cognitively intact but with cognitive complaints and slowing of gait, who are at higher risk of developing dementia. The criteria for MCR in this initial study were built on those for mild cognitive impairment syndrome (MCI),[@b22-agmr-20-0001]) and included the presence of subjective (self-reported) cognitive complaints measured by a structured questionnaire or clinicians' interview, slowness of gait defined as one standard deviation (SD) below age- and sex-specific gait speed mean values established in the same population, independence in activities of daily living, and absence of dementia. The main criterion distinguishing MCR from MCI was substituting a slow gait criterion for objective impairment on a cognitive test in MCI. Out of the 997 community-residing individuals aged 70 years and older participating in the Bronx-based Einstein Aging Study, 7% met this operational definition of MCR. Over a follow-up period of 36.9 months, those diagnosed with MCR at their baseline visit had a higher risk of developing dementia, especially vascular dementia, compared to those without MCR at baseline.[@b19-agmr-20-0001]) Since then, the prevalence of MCR has been examined in many other cohorts and populations worldwide and found to vary between 2% and 27% ([Table 1](#t1-agmr-20-0001){ref-type="table"}).[@b21-agmr-20-0001],[@b23-agmr-20-0001]-[@b43-agmr-20-0001]) These studies differed in the way MCR and the reported MCR risk factors in different populations. The differences in estimated MCR prevalence may be attributed to the way MCR criteria are operationalized in studies as well as the different populations recruited in previous studies. Cognitive tests are not required to diagnose MCR, which increases its clinical utility. The assessment for subjective cognitive complaints was performed using different methods in different cohorts, such as the 15-item Consortium to Establish a Registry for Alzheimer's Disease (CERAD) questionnaire,[@b44-agmr-20-0001]) one or two incorrect responses on the Short Portable Mental Status Questionnaire (SPMSQ),[@b45-agmr-20-0001]) the memory item from the 15-item Geriatric Depression Scale,[@b46-agmr-20-0001]) the eight-item informant interview (AD8),[@b47-agmr-20-0001]) or the Clinical Dementia Rating scale.[@b48-agmr-20-0001]) In other studies, positive responses from participants to questions such as "Do you have trouble remembering?" or "Is your memory worse than 10 years ago?" were sufficient. Even a referral to a memory clinic has been used to assess for the MCR subjective cognitive complaint criterion.[@b41-agmr-20-0001],[@b42-agmr-20-0001]) This heterogeneity in subjective cognitive complaint ascertainment may lead to differences in prevalence estimates of MCR as well as variability between studies in the cognitive impairment of individuals diagnosed with MCR. Subjective cognitive complaints related to the early stages of dementia may also be expressed differently in different cultures and parts of the world. As subjective cognitive complaints are key criteria to diagnose MCI and dementia, issues regarding the specificity of this criterion are not unique to MCRs.

All MCR studies have used normal walking gait velocity to evaluate gait slowness; however, methods have varied across studies with assessments done either by instrumented walkways such as the GAITRite system[@b49-agmr-20-0001]) (CIR Systems Inc., Sparta, NJ, USA) or by timing participants' walk at normal pace using a stopwatch over a fixed distance. The distances used have also varied from 2.44 m (8 feet) to 9.70 m (20 feet), which may also influence slow gait determination. Differences in measuring methods and in population characteristics explain why the cutoff velocity for the diagnosis of MCR is so different between studies ([Table 1](#t1-agmr-20-0001){ref-type="table"}). Although all studies defined slow gait as walking speed 1 SD below age- and sex-specific means individualized to each cohort, the mean velocity for each cohort varies significantly. The mean velocity for the diagnosis of MCR varies between 41 cm/s[@b34-agmr-20-0001]) and 99.9 cm/s.[@b33-agmr-20-0001]) Age and sex are important factors in determining gait velocity; therefore, many studies calculated specific means for different age groups to reduce heterogeneity. Although a universal single cutoff velocity for determining slow gait criterion may add clinical utility to the MCR definition, it may not be practical given the variability in gait velocity across age groups, sexes, and populations.[@b50-agmr-20-0001]) Other motoric tests such as the Five-Times-Sit-to-Stand Test (FSTT) were less specific to diagnose MCR when used as a substitute for gait velocity.[@b51-agmr-20-0001],[@b52-agmr-20-0001]) Other quantitative gait variables have been used to diagnose MCR subtypes and were shown to identify older adults with different cognitive trajectories[@b29-agmr-20-0001]) and risk factors[@b52-agmr-20-0001]) than the classical MCR definition. However, assessment for these subtypes requires access to an instrumented walkway, which limits its use in many clinical settings.

The third component of MCR is independence in activities of daily living. This component was examined in published studies using either a structured questionnaire developed to assess function in community-residing older adults[@b53-agmr-20-0001]) or by study clinician interviews. The multi-country MCR prevalence study used mobility disability for this criterion as information on activities of daily living were not available in all of the 22 included cohorts.[@b23-agmr-20-0001]) The fourth component of the syndrome is the absence of dementia. This was assessed either using known clinical criteria for dementia, such as those in the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV),[@b54-agmr-20-0001]) and diagnosed at consensus case conferences, through participant or informant report of physician-diagnosed dementia, or by applying established cut-off scores on cognitive tests such as the Mini-Mental State Examination (MMSE).[@b55-agmr-20-0001]) These criteria vary considerably across studies and may result in the inclusion of individuals with different levels of cognitive disturbance.

Study populations have varied across MCR studies. While most studies were restricted to older populations, some also included younger people. Most studies used an entry age of 60, 65, or 70 years. Two studies included only adults 75 years and above,[@b26-agmr-20-0001],[@b37-agmr-20-0001]) while two other studies used an entry criterion of 45 years.[@b34-agmr-20-0001],[@b40-agmr-20-0001]) This difference in the age of entry affects the determination of slow gait and other parameters related to MCR prevalence and risk factors. The prevalence of women in the studies varies between 33% and 70%, with one study including only women.[@b37-agmr-20-0001]) Recruitment methods also increased the variability of study populations in previous reports. A multi-country prevalence study included data from 22 cohorts,[@b23-agmr-20-0001]) 16 of which were community-based, 4 were recruited participants from memory clinics, and 2 were recruited from both clinics and the community. The highest prevalence of MCR was reported in the Indian and French cohorts, which were memory clinic-based populations.[@b23-agmr-20-0001]) MCR studies have included data from cohorts from different countries and ethnic groups. In one US-based study that included both African American and Caucasian populations, the prevalence of MCR was higher among African American participant.[@b21-agmr-20-0001]) MCR studies have also been conducted in individuals with low income and low education levels.[@b23-agmr-20-0001],[@b28-agmr-20-0001],[@b35-agmr-20-0001],[@b36-agmr-20-0001]) The MCR definition has shown relatively stable prevalence estimates in studies with various populations and variable education and socioeconomic levels, supporting its role as a practical and reliable clinical assay for dementia risk worldwide.

MCR Risk Factors across Populations
-----------------------------------

The risk factors for MCR include age, sex, level of education, obesity, physical inactivity and sedentariness, depressive mood, and cardiovascular disease. Most studies reported that advanced age increased the risk of MCR,[@b23-agmr-20-0001],[@b25-agmr-20-0001],[@b34-agmr-20-0001]-[@b37-agmr-20-0001]) similar to dementia. For instance, in a multi-country MCR study that included over 26,000 participants,[@b23-agmr-20-0001]) the MCR prevalence was 10.6% in the group aged 75 years and older as compared to 8.9% in the group aged 60--74 years. However, MCR studies from Ireland and Korea reported that the prevalence of MCR did not increase with advancing age and was similar across age groups.[@b33-agmr-20-0001],[@b43-agmr-20-0001]) In one study from Canada,[@b37-agmr-20-0001]) the risk of MCR was higher in the younger age groups (45--55 years) compared to that in more advanced age groups. However, this was the only community-based study to include such a young age group. The next-highest prevalence of MCR in this study was that in the older group of 75 years and above. This finding of increased MCR prevalence with age is consistent with the reported higher prevalence of cognitive complaints and dementia with increasing age.

Most studies did not find any difference in MCR prevalence between sexes. However, some studies reported a higher rate of MCR among women. In a prevalence study from Malaysia that included 1,366 participants, the prevalence rate of MCR was 5% among women and 1.8% among men.[@b36-agmr-20-0001]) The authors attributed this finding to the higher prevalence of frailty among older Malaysian women compared to that in men. A Canadian study[@b37-agmr-20-0001]) reported a higher MCR prevalence in women aged 45--54 and 65--74 years but with opposite results in the other age groups, a finding with unclear interpretation.

Most, but not all MCR studies found that lower levels of education are a risk factor for MCR.[@b23-agmr-20-0001],[@b25-agmr-20-0001],[@b30-agmr-20-0001],[@b35-agmr-20-0001],[@b37-agmr-20-0001],[@b43-agmr-20-0001]) Most studies used years of schooling to measure education, which may not be a perfect measure. In a Canadian study with 29,569 participants, lower education level was a risk factor for MCR only in the 55--64 and 65--74 years age groups and not in the youngest or the oldest groups.[@b40-agmr-20-0001]) In a multi-country study including more than 26,000 participants, a higher level of education (\>12 school years) was associated with a lower prevalence of MCR.[@b23-agmr-20-0001]) The best explanation is that, similar to MCI and dementia, higher levels of education are also a protective factor for MCR, perhaps by increasing brain cognitive reserves.[@b56-agmr-20-0001])

Similar to studies of MCI and dementia,[@b57-agmr-20-0001],[@b58-agmr-20-0001]) most studies reported sedentary lifestyle to be a risk factor for MCR.[@b25-agmr-20-0001],[@b29-agmr-20-0001],[@b30-agmr-20-0001],[@b37-agmr-20-0001],[@b43-agmr-20-0001]) The methods used to determine levels of physical activity varied between studies, with some studies adopting a structured questionnaire and others using a simple question regarding regular participation in a sport or leisure physical activity (i.e., at least 1 hour a week for the past month). Sedentariness was also examined by self-reported difficulty in walking less than a quarter mile or negotiating stairs.[@b59-agmr-20-0001]) The TILDA study based in Ireland[@b33-agmr-20-0001]) reported no significant correlation between physical activity level and MCR prevalence; however, participants in this study were more likely to be cognitively healthy and with high physical functioning. The protective effect of physical activity in MCR, like in MCI and dementia, can be explained by several mechanisms such as the positive effects of physical exercise on cardiovascular risk factors including hypertension, insulin resistance, and high cholesterol levels as well as other biological mechanisms such as enhanced immune system function, anti-inflammatory properties, and increased neurotrophic factors.[@b60-agmr-20-0001])

One notable risk factor of MCR was obesity, defined either by body mass index (BMI) or waist-to-hip ratio.[@b25-agmr-20-0001],[@b29-agmr-20-0001],[@b30-agmr-20-0001],[@b33-agmr-20-0001],[@b36-agmr-20-0001],[@b37-agmr-20-0001],[@b40-agmr-20-0001]) Most MCR studies did not evaluate body composition. In two studies from China and Korea, obesity was not correlated with MCR, suggesting possible ethnic differences in this MCR risk factor.[@b34-agmr-20-0001],[@b43-agmr-20-0001])

Cardiovascular diseases and cardiovascular risk factors such as hypertension and diabetes increase MCR risk, similar to the increased risk reported for these risk factors with dementia and MCI.[@b61-agmr-20-0001]-[@b63-agmr-20-0001]) Diabetes was a risk factor in almost all studies.[@b34-agmr-20-0001]) Hypertension was a risk factor in most, but not all, studies.[@b25-agmr-20-0001],[@b34-agmr-20-0001],[@b36-agmr-20-0001]) Ischemic heart disease was also a risk factor in the majority of studies.[@b23-agmr-20-0001],[@b30-agmr-20-0001],[@b33-agmr-20-0001],[@b34-agmr-20-0001],[@b36-agmr-20-0001],[@b37-agmr-20-0001],[@b40-agmr-20-0001]) Smoking was identified as a risk factor for MCR in one study from China[@b32-agmr-20-0001]) but not in other studies in which it was documented.[@b25-agmr-20-0001],[@b30-agmr-20-0001],[@b36-agmr-20-0001]) Alcohol consumption was not found to be a risk factor for MCR in any of the studies.

Polypharmacy is a known risk factor for frailty and cognitive decline in old age.[@b64-agmr-20-0001]) Several studies have examined the relationship between the number of medications prescribed and the occurrence of MCR;[@b25-agmr-20-0001],[@b30-agmr-20-0001],[@b33-agmr-20-0001],[@b37-agmr-20-0001]-[@b39-agmr-20-0001],[@b42-agmr-20-0001]) most studies reported that increased numbers of medications were associated with MCR. The mean number of medications taken by participants with MCR varied between 2.3 and 6.6. Using a widely accepted definition of polypharmacy as five or more medications daily, two studies showed that polypharmacy was a risk factor for MCR.[@b33-agmr-20-0001],[@b37-agmr-20-0001],[@b38-agmr-20-0001])

Depression and anxiety are strongly associated with MCR. This association was found in large-scale studies including a multi-country study and the Canadian CLSA study.[@b23-agmr-20-0001],[@b40-agmr-20-0001]) The latter study observed this association in all age groups. The use of anti-depressive medications was also associated with MCR.[@b33-agmr-20-0001]) Depression in old age is related to cognitive decline and dementia and may be an early manifestation of dementia due to neurodegenerative or vascular brain diseases.[@b65-agmr-20-0001]) Other significant risk factors for MCR examined in individual studies were arthritis,[@b21-agmr-20-0001],[@b23-agmr-20-0001]) poor vision,[@b33-agmr-20-0001]) and living in rural areas.[@b36-agmr-20-0001])

MCR as a Risk Factor for Cognitive Decline and Dementia
-------------------------------------------------------

A recent meta-analysis by Sekhon et al.[@b66-agmr-20-0001]) including seven studies evaluated the relationship between MCR and the development of cognitive impairment and dementia and examined the relationship between MCR and the development of either dementia or cognitive impairment. In general, MCR was associated with increased risks of incident cognitive impairment (adjusted hazard ratio \[aHR\]=1.70) and dementia (aHR=2.50). This meta-analysis included four studies that examined the association between MCR and the incidence of dementia.[@b21-agmr-20-0001],[@b23-agmr-20-0001],[@b26-agmr-20-0001],[@b30-agmr-20-0001]) Since then, another study from France reported an association between MCR and dementia.[@b38-agmr-20-0001]) MCR has been shown to have incremental predictive validity for dementia over its cognitive (cognitive complaints) and motoric (slow gait) components.[@b21-agmr-20-0001])

There is heterogeneity in terms of study populations, follow-up time, and criteria employed for the diagnosis of MCR and cognitive disorders among studies that have examined the predictive validity of MCR for cognitive decline. In a homogenous cohort from the US,[@b21-agmr-20-0001]) the aHR to develop dementia overall in participants with MCR was 3.27; however, MCR did not predict Alzheimer disease (AD) but did strongly predict vascular dementia (aHR=12.81). This finding was consistent with that of a previous study that showed slow gait to be a predictor of vascular dementia and not AD.[@b21-agmr-20-0001]) In contrast, a combined analysis of four cohorts that included 4,812 participants with longitudinal data reported MCR to be a risk factor for dementia overall including AD (aHR=1.93).[@b23-agmr-20-0001]) In a study from Japan including 4,235 participants,[@b30-agmr-20-0001]) over a mean follow-up of 2.6 years, the aHR to develop dementia overall in participants with MCR at baseline was 2.49; however, the dementia subtypes were not specified. In another small study from Japan including 299 participants with a follow-up of 3--5 years, the odds ratio of conversion to dementia overall was 1.38 in the MCR group compared to the non-MCR group. A recent study of 651 French women followed up to 7 years[@b38-agmr-20-0001]) reported a nearly two-fold increased risk of incident dementia in the MCR group than that in the non-MCR group (41.9% vs. 23.3%). MCR was positively associated with the incidence of overall dementia and AD but not with non-AD dementia incidence. This study included only women; therefore, the results may not apply to the general older population.

A recent multicenter study including 610 older adults with MCR from three US-based cohorts followed over a mean of 2.9 years investigated which components of the MCR syndrome predicted transition to dementia.[@b42-agmr-20-0001]) The cognitive components---measured by a cognitive complaint severity index, logical memory test,[@b67-agmr-20-0001]) and MMSE[@b55-agmr-20-0001])---predicted the transition from MCR to dementia, whereas the motoric component of MCR (gait velocity) did not. This finding may be attributed to the fact that the cognitive complaints and tests in MCR patients may better correlate with the worsening of dementia-related pathology or spread of pathology into brain areas responsible for other non-motor behaviors and cognitive impairments associated with dementia. An alternative explanation might be that, since this study included only individuals with MCR with a restricted range of gait velocities, slower gait was not a predictor of dementia. Finally, since memory-related questions were used for the diagnosis of MCR and the incident dementia cases included a high proportion of AD patients, cognitive complaints but not gait velocity predicted dementia in this analysis.

Several studies evaluated the association between MCR and other pre-dementia syndromes such as MCI.[@b21-agmr-20-0001],[@b23-agmr-20-0001],[@b31-agmr-20-0001]) MCI diagnosis is based on subjective cognitive complaints (as in MCR), objective cognitive impairment in the memory or non-memory domains assessed by neuropsychological tests, and without impairment of activities of daily living or dementia.[@b68-agmr-20-0001]) The co-occurrence of MCI among MCR was 54%, 47%, or 39% in different studies, respectively.[@b21-agmr-20-0001],[@b23-agmr-20-0001],[@b31-agmr-20-0001]) The combination of MCR and MCI was associated with lower cognitive performance compared to that in individuals with MCR but without MCI.[@b31-agmr-20-0001]) While there is overlap between MCR and MCI cases, MCR syndrome still statistically predicted the risk of dementia in previous studies after accounting for MCI cases or excluding individuals who met criteria before or simultaneously with MCR. These observations emphasize the importance of diagnosing both pre-dementia syndromes to identify all individuals at risk. MCR should be seen as a complementary rather than an alternative approach to MCI.

Six studies evaluated the association between MCR and cognitive performance, with mixed results.[@b23-agmr-20-0001],[@b26-agmr-20-0001],[@b29-agmr-20-0001],[@b31-agmr-20-0001],[@b33-agmr-20-0001],[@b43-agmr-20-0001]) These studies assessed several domains of cognitive function, including global cognitive functions, memory, EF, processing speed, attention, visuospatial abilities, and language. In most studies, MCR was negatively associated with global cognitive performance and EF, supporting the hypothesis that frontal lobe dysfunction is involved in both gait and EF control.[@b9-agmr-20-0001]) However, one study did not show an association with EF but found that the MCR group performed worse on measures of global cognition, memory, and sustained attention.[@b33-agmr-20-0001]) The authors attributed this finding to the larger size of their sample and the specific characteristics of the population in this cohort (TILDA). The relationship between memory functions and MCR is conflicting, with several studies reporting lower performance in memory tests in MCR,[@b23-agmr-20-0001],[@b31-agmr-20-0001],[@b33-agmr-20-0001]) while others did not find such a correlation.[@b29-agmr-20-0001],[@b43-agmr-20-0001]) One study reported an association between language difficulties and MCR;[@b29-agmr-20-0001]) however, other studies did not test this domain.

MCR as a Risk Factor for Other Geriatric Outcomes
-------------------------------------------------

MCR is reportedly a risk factor not only for dementia but also for other adverse conditions in older adults such as falls, disability, frailty, and mortality.[@b69-agmr-20-0001]) Falls are an important medical problem in the older population. An estimated 32%--42% of all people above 70 years of age will fall every year.[@b70-agmr-20-0001]) Falls in older adults are associated with complications including fractures, surgery, and hospitalization and are related to increased disability and mortality.[@b71-agmr-20-0001]) Maintaining balance and preventing falls is a complicated function that requires efficient integration of motoric, cognitive, and psychological functions. Individuals with MCR have a combination of cognitive impairment, mainly in EF, and motor disturbances that place them at high risk for falls. Several studies have investigated this association. Callisaya et al.[@b72-agmr-20-0001]) examined 6,204 participants from five large cohorts across three countries and revealed that 33.9% of subjects with MCR reported a fall over follow-up of 12 months, resulting in a pooled relative risk (RR) of MCR for any falls of 1.44; this association reduced in strength but persisted after adjusting for previous falls (RR=1.37). As for dementia outcomes,[@b73-agmr-20-0001]) MCR had incremental predictive validity for falls over its cognitive and motoric components. In a study of 2,569 French women, MCR increased the risk for any fall (aHR=1,22), recurrent falls (aHR=1.46), and falls complicated by hip fracture (aHR=2.54).[@b37-agmr-20-0001])

Few studies have examined the association between MCR and disability and frailty among older adults. In a study of 4,235 Japanese older adults (mean age, 72 years), MCR was associated with an increased risk of disability, defined as certification by long-term care insurance, with an aHR of 1.69.[@b30-agmr-20-0001]) Frailty is a multidimensional construct associated with low physiologic reserves and increased vulnerability to adverse outcomes such as disability and death.[@b74-agmr-20-0001]) In a study of 641 adults aged 65 years and above, higher frailty at baseline, as assessed using a cumulative deficit index, increased the risk of developing incident MCR even after accounting for several confounders, suggesting shared mechanisms between these two syndromes.[@b75-agmr-20-0001])

Two studies investigated the relationship between mortality and MCR. Among 11,867 participants from three different cohorts over a median follow-up of 28 months, MCR at baseline was associated with increased mortality overall (aHR=1.69) and 2-year mortality (aHR=1.89) even after adjusting for gait speed and memory test scores.[@b76-agmr-20-0001]) In a study of 3,778 French women followed up for 19 years, MCR was associated with mortality at 10 years (aHR=1.27), 15 years (aHR=1.22), and 19 years (aHR=1.41).[@b39-agmr-20-0001])

MCR Studies in Korea
--------------------

Two studies examined the epidemiology of MCR in Korea. The MCR multi-country prevalence study included a sample of 549 individuals aged 65 to 102 years (63.8% women) from the Korean Longitudinal Study on Health and Aging (KLoSHA).[@b23-agmr-20-0001]) The prevalence of MCR in this cohort was 10.0%, compared to 8.02% in the nationwide Korean Frailty and Aging Cohort Study (KFACS) that included 2,881 community-dwelling older adults aged 70--84 years (52% women; mean age, 75.9 years).[@b43-agmr-20-0001]) The prevalence of MCR did not increase with age (70--74 years, 8.90%; 75--79 years, 7.06%; and 80--84 years, 8.04%). Similar to previous studies, the MCR group had lower education levels and reduced physical activity, higher prevalence of hypertension and diabetes, and higher numbers of comorbidities and medications as compared to those in the non-MCR group. Participants with MCR had greater difficulty with respect to mobility and were more likely to report a history of falls. In addition, participants with MCR rated their health poorer compared to that in those without MCR.[@b43-agmr-20-0001]) In contrast, participants with MCR did not show significant differences in BMI or depressive symptoms. MCR in the KFACS cohort was associated with a decline in global cognitive function, attention, processing speed, and EF.

While these two cohort studies are not fully representative of the entire population of older Korean adults, the MCR estimates are consistent with the MCR prevalence reported in developed countries.

BIOLOGY OF MCR
==============

Four studies reported on the relationships between brain imaging and MCR including white matter and gray matter abnormalities and brain volume and atrophy.[@b66-agmr-20-0001]) A study of 358 participants from two cohorts in France and India reported white matter hyperintensities (WMH) on magnetic resonance imaging (MRI) in 72.9% of the participants. WMH in the frontal, parieto-occipital, temporal, basal ganglia, cerebellum, or brainstem were not associated with MCR in either of the two cohorts.[@b77-agmr-20-0001]) WMH are ubiquitous in aging populations and have often been regarded as non-specific. Another study of 139 participants from the Kerala-Einstein Study in India investigated the relationship between MCR and brain WMH as well as the presence of lacunar infarctions and microbleeds.[@b27-agmr-20-0001]) In this study, only the presence of lacunar infarctions in the frontal lobe was correlated with the presence of MCR at cross-section. All other parameters including WMH, other stroke, lacunar infarctions in other areas, and microbleeds were not associated with MCR. The authors assumed that vascular mechanisms other than WMH may contribute to the pathophysiology of MCR; however, they emphasized that the evaluation of WMH was based solely on manual quantification and not on automatic measurements that could provide a more objective measure and metric information such as volume. The correlation between global and regional brain volumes with MCR syndrome was evaluated in 171 participants from France.[@b28-agmr-20-0001]) Multiple logistic regression models showed that smaller volumes of total gray matter, total cortical gray matter, premotor cortex, prefrontal cortex, and dorsolateral segment of prefrontal cortex were associated with MCR. Similar to previous studies, WMH and total white matter volume were not correlated with MCR. Negative results were also found for hippocampus and subcortical gray matter volumes. Similar results were reported in a larger study that included 267 participants from three cohorts.[@b78-agmr-20-0001]) The significant gray matter volume covariance pattern associated with MCR even after adjusting for demographic characteristics was primarily composed of the supplementary motor, insular, and prefrontal cortex regions ([Fig. 1](#f1-agmr-20-0001){ref-type="fig"}). In contrast, relatively less atrophied regions as a function of MCR included the cerebellum as well as the inferior and middle temporal, para-hippocampal, and precuneus regions. The authors[@b79-agmr-20-0001]) concluded that MCR was primarily associated with gray matter atrophy in brain regions previously linked to the control aspects of gait such as motor planning and modulation.

The underlying biological and genetic mechanisms for MCR have not yet been established and few studies have been published to date. A study of 530 community-dwelling Ashkenazi Jewish adults age 65 years and older reported that single nucleotide polymorphisms in the transcriptional regulatory regions of cytokine interleukin 10 (IL10) were associated with the incidence of MCR over a median follow-up of 2.99 years.[@b80-agmr-20-0001]) Inflammation may play a significant role in the pathogenesis of dementia and cognitive decline;[@b81-agmr-20-0001]) this finding also suggests a role for inflammation in MCR pathogenesis. A preliminary study of the polygenic effects of selected clinical phenotypes on MCR was conducted in 4,915 individuals, age 65 years and above from the Health and Retirement Study.[@b79-agmr-20-0001]) Higher polygenic scores (PGS) for BMI and waist circumference were associated with MCR and PGS of AD showed a suggestive association, while higher PGS for higher well-being was protective. The authors suggested that obesity-related genetic traits may play an important role in the development of MCR and may serve as potential therapeutic targets in dementia prevention. [Fig. 2](#f2-agmr-20-0001){ref-type="fig"} provides a graphical representation of the suggested biological mechanisms involved in the pathogenesis of MCR and MCI that may contribute to the increased risk of dementia in these pre-dementia syndromes.

POSSIBLE INTERVENTIONS TO IMPROVE FUNCTION AND PREVENT DETERIORATION IN MCR
===========================================================================

No studies have reported therapeutic measures such as physical exercise or cognitive training in MCR populations to improve gait and cognition and prevent deterioration to dementia. Although epidemiological studies have shown the positive effect of mainly aerobic exercise on cognitive functions in normal or demented older adults, several meta-analyses failed to confirm the cognitive protective effect of exercise in clinical trials.[@b82-agmr-20-0001],[@b83-agmr-20-0001]) In contrast, small studies have shown cognitive training programs to improve gait functions.[@b84-agmr-20-0001]) A recent meta-analysis including 10 randomized clinical trials and a total of 351 participants showed that cognitive training interventions provided a small effect on complex walking conditions requiring higher-order EFs.[@b17-agmr-20-0001]) There is a need for large-scale randomized clinical trials, perhaps using multi-modal interventions, combining physical activity with cognitive stimulation or training, in MCR to improve cognitive function and mobility and prevent further deterioration towards dementia.

CONCLUSION
==========

With the increasing aging population worldwide, the burden of cognitive disorders such as dementia is escalating. The coexistence of physical limitations and cognitive decline are common in aging adults, leading to many detrimental effects. MCR is a pre-dementia syndrome combining cognitive and motor components that increases the risk for cognitive decline and dementia as well as other age-related negative geriatric outcomes. In contrast to MCI, the diagnosis of MCR does not rely on formal neuropsychological assessments; thus, it requires fewer resources and is independent of language and level of education. The biology of MCR remains obscure, and further studies are needed to investigate the relationship between physical and cognitive domains in older adults. The results of such studies could facilitate the design of more effective preventive intervention strategies against dementia and other deleterious effects of aging. Recent studies suggest that one in 10--12 community-residing Korean seniors may have MCR. The MCR concept is of particular importance in Korea as it is one of the most rapidly aging nations worldwide.[@b85-agmr-20-0001],[@b86-agmr-20-0001])
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###### 

Motoric cognitive risk syndromes (MCRs) prevalence and characteristics in 16 different studies

  No.                                   Study                                                     Year       Country/Cohort            Number of patients   Sex, women (%)   Education (y)   High school (%)   Mean age (y)       Mean follow-up (y)   Mean gait speed (cm/s)   MCR prevalence (%)   MCR risk factors   Dementia conversion rate (aHR)                                                                                                                     
  ------------------------------------- --------------------------------------------------------- ---------- ------------------------- -------------------- ---------------- --------------- ----------------- ------------------ -------------------- ------------------------ -------------------- ------------------ -------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------
  1                                     Verghese et al.[@b23-agmr-20-0001])                       2013       USA/EAS                   767                  60               14              \-                79.8 (≥70)         3.6                  59.5                     96.9                 6                  Black ethnicity, less education, hypertension, diabetes, arthritis                                                                                 All: 3.27
  Vascular: 12.81                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  2                                     Verghese et al.[@b23-agmr-20-0001],[@b24-agmr-20-0001])   2014       17 countries/22 cohorts   26802                55.7             7               \-                71.6 (≥60)         5.1--9.3             47.8                     95.8                 9.7                Age, CVD, Hypertension, diabetes, stroke, depression, arthritis                                                                                    All: 1.93
  3                                     Doi et al.[@b25-agmr-20-0001])                            2015       Japan/NCGG-SGS            9683                 52               9               11.8              73.6 (≥65)         NA                   80                       117                  6.4                Age, less education, diabetes, obesity, sedentariness, depression                                                                                  NA
  4                                     Kumai et al.[@b26-agmr-20-0001])                          2016       Japan/Kurihara Project    513                  61               9               \-                79.8 (≥75)         2020-03-05           80                       120                  11.1               Low education                                                                                                                                      All: 1.38
  5                                     Wang et al.[@b27-agmr-20-0001])                           2016       India/KES                 139                  33.1             8.9             \-                66.6 (≥60)         NA                   61.9                     91                   27.3               None                                                                                                                                               NA
  6                                     Allali et al.[@b29-agmr-20-0001])                         2016       USA/CCMA                  314                  56               14.2            \-                76.9 (≥65)         NA                   66.1                     103.8                8                  Obesity, sedentariness                                                                                                                             NA
  7                                     Doi et al.[@b30-agmr-20-0001])                            2017       Japan/OSHPE               4235                 50               11.4            \-                72.0 (≥65)         2.6                  87                       123                  6.3                Less education, diabetes, obesity, sedentariness, depression, CVD                                                                                  All: 2.49
  8                                     Beauchet et al.[@b28-agmr-20-0001])                       2016       France/GAIT               238                  37.4             \-              40                71.4 (≥65)         NA                   80.2                     114.7                16.8               Waist-Hip ratio, hypertension, diabetes                                                                                                            NA
  Sekhon et al.[@b31-agmr-20-0001])     2017                                                                                                                                                                                                                                                                                                                                                                                                                               
  Beauchet et al.[@b32-agmr-20-0001])   2018                                                                                                                                                                                                                                                                                                                                                                                                                               
  9                                     Maguire et al.[@b33-agmr-20-0001])                        2018       Ireland/TILDA             2151                 55.6             \-              79                67.8 (≥60)         NA                   99.9                     132.8                2.56               Hypertension, poor vision, obesity, diabetes, CVD, stroke                                                                                          NA
  10                                    Chhetri et al.[@b33-agmr-20-0001])                        2020       China/BLSA II             4632                 61               \-              61                75.4 (≥55)         NA                   41                       NA                   9.6                Age, CVD, stroke, diabetes, depression, smoking                                                                                                    NA
  11                                    Aguilar-Navarro et al.[@b35-agmr-20-0001])                2019       Mexico/MHAS               726                  54               5.35            \-                69.8 (≥60)         2.9                  NA                       NA                   14.3               Age, less education, multiple comorbidities, diabetes, depression                                                                                  Cognitive impairment: 2.46
  12                                    Lau et al.[@b36-agmr-20-0001])                            2019       Malaysia/TUA              1366                 51               5.04            \-                68.5 (≥60)         NA                   NA                       NA                   3.4                Age, women, rural areas, obesity, diabetes, CVD, cancer                                                                                            NA
  13                                    Beauchet et al.[@b37-agmr-20-0001],[@b39-agmr-20-0001])   2019       France/EPIDOS             5958                 100              \-              70                80.2 (≥75)         7                    60                       90                   9.9                Age, less education, BMI, diabetes, hypertension, CVD, stroke depression, sedentariness                                                            All: 2.18
  Beauchet et al.[@b38-agmr-20-0001])   2020                                                      AD: 2.23                                                                                                                                                                                                                                                                                                                                                                 
  14                                    Sekhon et al.[@b40-agmr-20-0001],[@b41-agmr-20-0001])     2019       Canada/CLSA               29569                50.9             \-              95.7              62.9 (≥45)         NA                   NA                       NA                   7                  Younger age, women in some age groups, hypertension, obesity^[a)](#tfn2-agmr-20-0001){ref-type="table-fn"}^ , diabetes, CVD, depression, anxiety   NA
  15                                    Verghese et al.[@b42-agmr-20-0001])                       2019       USA/EAS, MAP, ROS         4597                 70               14.8            \-                62.9--98.7 (≥60)   2.9                  42.4                     NA                   13.3               NA                                                                                                                                                 NA
  EAS ≥70                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  16                                    Shim et al.[@b43-agmr-20-0001])                           2020       Korea/KFACS               2881                 52               \-              56.3              75.9 (≥70)         NA                   75                       114                  8.02               less education, sedentariness, hypertension, diabetes                                                                                              NA

EAS, Einstein Aging Study; NCGG-SGS, National Center for Geriatrics and Gerontology -- Study of Geriatric Syndromes; KES, Kerala-Einstein study; CCMA, Central Control of Mobility in Aging; OSHPE, Obu Study of Health Promotion for the Elderly; GAIT, Gait and Alzheimer Interactions Tracking; TILDA, The Irish Longitudinal Study on Aging; BLSA-II, Beijing Longitudinal Study of Ageing II; MHAS, Mexican Health and Aging Study; TUA, Towards Useful Aging; EPIDOS, Epidemiologie de l'Osteoporose; CLSA, Canadian Longitudinal Study on Aging; MAP, Rush Memory and Aging project; ROS, Religious Order Study; KFACS, The Korean Frailty and Aging Cohort Study; CVD, cardiovascular disease; NA, not applicable; AD, Alzheimer\'s disease; BMI, body mass index; aHR, adjusted hazard ratio.

BMI ≥ 25 kg/m^2^.
